The enzyme responsible for the saturation step of the sphingosine 1-phosphate (S1P) metabolic pathway remained unidentified. Results: The trans-2-enoyl-CoA reductase TER, which functions in very long-chain fatty acid (VLCFA) synthesis, catalyzes the saturation step. Conclusion: TER is involved in both VLCFA synthesis and sphingosine degradation within sphingolipids. Significance: Our findings reveal further details of the S1P metabolic pathway.
Besides being the building blocks of membranes, lipids play many important functions such as acting as lipid mediators and controlling protein activities and cellular signaling by forming lipid microdomains or by covalently or non-covalently binding to specific proteins (1) (2) (3) (4) . A balance between synthesis and degradation of each lipid class has to be maintained in these functions to avoid disorders. In the degradation pathways, fatty acids (FA), 3 which are components of most lipids such as glycerophospholipids, triglycerides, sphingolipids, cholesterol esters, and wax esters, are recycled to form other lipids or are degraded via ␤-oxidation in the mitochondria.
The sphingolipid backbone ceramide is composed of a FA and an amide bond-linked long-chain base (LCB) (5) . The most abundant LCB in mammals is sphingosine (SPH), which contains two hydroxyl groups at C1 and C3, one amino group at C2, and one trans double bond between C4 and C5. Because only sphingolipids contain LCBs, they must be converted to other metabolizable compounds by separating the LCB-specific amino and hydroxyl groups for recycling to other lipids. LCBs are metabolized to acyl-CoAs through several reactions, then for the most part converted to glycerophospholipids (6 -8) .
In the first step of the SPH/LCB to glycerophospholipid metabolism, SPH/LCB is phosphorylated at the C1 position by SPH kinases to produce sphingosine 1-phosphate (S1P)/longchain base 1-phosphate (LCBP) (5, 9) . S1P is a well known lipid mediator. Extracellular S1P binds to the cell surface receptors (S1P [1] [2] [3] [4] [5] ) and induces several cellular responses, such as proliferation, cell migration, adherent junction assembly, and cytoskeletal remodeling (5, 7) . In immune systems, S1P plays a pivotal role in the egress of T cells from the thymus and secondary lymphoid tissues. This function has already been utilized as a therapeutic agent (fingolimod) for treating multiple sclerosis (10, 11) . S1P also plays an important role as an intermediate in the SPH to glycerophospholipid metabolic pathway within cells, a role that originated earlier in evolution. Sphingolipids are found in all eukaryotes, and the SPH/LCB to glycerophospholipid metabolic pathway via LCBPs is conserved from yeast to humans (8) . However, S1P has emerged as a lipid mediator only in vertebrates and chordates (12) .
In the SPH to glycerophospholipid metabolic pathway (referred to as S1P metabolic pathway hereafter), S1P is cleaved between C2 and C3, producing the fatty aldehyde trans-2-hexadecenal (8) . In this reaction, the hydroxyl group at C1 and the amino group at C2 are removed as phosphoethanolamine. This step is the first, irreversible step of the S1P metabolism and is catalyzed by the S1P lyase SPL (SGPL1) (13) . Spl knock-out mice die approximately 1 month after birth as a result of conditions such as aberrant lipid homeostasis in the liver and brain, myeloid cell hyperplasia, and enhanced pro-inflammatory response, as well as lesions in lung, heart, urinary tract, and bone (14 -18) . This indicates the importance of sphingolipid homeostasis.
Although the presence of the S1P metabolic pathway was reported over 40 years ago (19) , the reactions that occur after the S1P lyase-catalyzing step and the involved genes had not been identified until recently. In 2012, we newly described the S1P metabolic pathway: S1P is metabolized to palmitoyl-CoA via trans-2-hexadecenal, trans-2-hexadecenoic acid, and trans-2-hexadecenoyl-CoA ( Fig. 1A) (6) . We also identified the fatty aldehyde dehydrogenase ALDH3A2 and some members of acyl-CoA synthetases (ACSL1-6, ACSBG1, and ACSVL1 and -4) as genes responsible for the oxidation of trans-2-hexadecenal and addition of CoA to trans-2-hexadecenoic acid, respectively (6, 20) . Mutations in the ALDH3A2 gene cause the neurocutaneous disorder Sjögren-Larsson syndrome (21) , which implies a link between S1P metabolism and this condition (6, 8) . However, the gene involved in the saturation step of the S1P metabolism (conversion of trans-2-hexadecenoyl-CoA to palmitoyl-CoA) has not yet been identified.
In the present study, we identified the trans-2-enoyl-CoA reductase TER as the missing gene in the S1P metabolic pathway. TER has been known as the gene involved in the FA elongation cycle (22) , where palmitic acid synthesized by FA synthase or FAs taken from foods are elongated to very long-chain FAs (VLCFAs) with carbon chain lengths greater than 20 (ϾC20). The FA elongation cycle consists of four reactions (condensation, reduction, dehydration, and reduction) (23, 24) , and TER is responsible for the fourth reaction (22) (Fig. 1B) . Saturated and monounsaturated VLCFAs, especially C24 VLCFAs (C24:0 and C24:1), are major FA constituents of sphingolipids (23, 24) . Hence, TER is involved in both the production of VLCFAs for sphingolipid synthesis and the degradation of SPH in sphingolipids through the S1P metabolic pathway.
EXPERIMENTAL PROCEDURES
Yeast Strains and Media-The yeast strain BY4741 (MATa his3⌬1 leu2⌬0 met15⌬0 ura3⌬0) (25) was obtained from Open Biosystems (Huntsville, AL). YRF50 cells (BY4741, pTSC13::KanMX4-tTA-ptetO 7 ) were constructed by replacing the promoter of the TSC13 gene (pTSC13) with tetO 7 promoter (ptetO 7 ) using the KanMX4-tTA-ptetO 7 cassette from the pCM225 plasmid, which was obtained from EUROSCARF, as described elsewhere (26) . ABY83 (BY4741, tsc13⌬::LEU2/ pTW6 (TSC13)) and ABY80 (BY4741, tsc13⌬::LEU2/pAB119 (3xFLAG-CERS5)) cells were constructed by deletion of the TSC13 gene in BY4741 cells bearing the pTW6 or pAB119 plasmid, respectively, using a tsc13⌬::LEU2 fragment by homologous recombination. Cells were grown in either YPD medium (1% yeast extract, 2% bactopeptone, and 2% D-glucose) or in synthetic complete medium (SC; 0.67% yeast nitrogen and 2% D-glucose) containing nutritional supplements. Uracil auxotro-phy was determined by culturing cells on a plate of 5-fluoroorotic acid (5-FOA; Wako Pure Chemical Industries, Osaka, Japan) containing SC medium, which includes 1 mg/ml of 5-FOA and 0.05 mg/ml of uracil.
Cell Culture, RNA Interference, and Transfection-HeLa and HepG2 cells were cultured in DMEM (D6049; Sigma) containing 10% FCS. Rat intestinal epithelial cells IEC-6 were cultured FIGURE 1. The pathways of sphingolipid degradation and synthesis. A, sphingolipid degradation pathway and involved enzymes. Complex sphingolipids are degraded to SPH by lysosomal degrading enzymes. After SPH is phosphorylated, the resulting S1P is metabolized to palmitoyl-CoA via the S1P metabolic pathway. In this pathway, S1P is first cleaved to trans-2-hexadecenal and phosphoethanolamine. Trans-2-hexadecenal is then oxidized to trans-2-hexadecenoic acid, followed by CoA addition. The produced trans-2hexadecenoyl-CoA is finally saturated to palmitoyl-CoA by a trans-2-enoyl-CoA reductase (dashed box; subject of this study). The corresponding enzyme was unknown at the beginning of this study but identified as TER in the process. Palmitoyl-CoA is mainly active in glycerophospholipid synthesis, but may to some extent be metabolized to other lipids or degraded via ␤-oxidation. B, pathways of sphingolipid biosynthesis and FA elongation, and enzymes involved in each step. In the de novo sphingolipid biosynthetic pathway, palmitoyl-CoA and serine are condensed to 3-ketodihydrosphingosine (KDS), which is then reduced to DHS. DHS reacts with acyl-CoA to generate dihydroceramide. Acyl-CoA with ՆC18 is produced through FA elongation cycle. The last step of FA elongation cycle (dashed box) is catalyzed by the trans-2-enoyl-CoA reductase TER. The LCB moiety of dihydroceramide is converted from DHS to SPH by introducing a trans double bond between C4 and C5 to produce ceramide. Ceramide is converted to complex sphingolipids by receiving phosphocholine (sphingomyelin) or sugars (glycosphingolipids). The simplest glycosphingolipids are the monohexosylceramides glucosylceramide and galactosylceramide, which contain one glucose and one galactose residue, respectively. The addition of galactose to the glucose residue of glucosylceramide creates lactosylceramide. More than 100 glycosphingolipids originate from lactosylceramide, including globo-series Gb3 and Gb4 and ganglio-series GM3. in DMEM (D6429; Sigma) containing 10% FCS supplemented with 4 g/ml of recombinant human insulin (Wako Pure Chemical Industries). PC12 cells were cultured in DMEM (D6049) containing 10% FCS and 10% horse serum (Invitrogen). Nerve growth factor (50 ng/ml; TOYOBO, Osaka, Japan) was added to the medium 24 h before labeling to make PC12 cells differentiate into neuronal cells. All culture media contained 100 units/ml of penicillin and 100 g/ml of streptomycin (Sigma).
The control siRNA was purchased from Qiagen (Hilden, Germany) and used at 16 nM. Two siRNAs for TER (siTER-1 and siTER-2) were prepared, and a mixture of siTER-1 and siTER-2 (each at 8 nM) was used. The nucleotide sequences of TER siRNAs were 5Ј-GUCACUCAUUCCACUACAUCA-3Ј (siTER-1, sense), 5Ј-AUGUAGUGGAAUGAGUGACAG-3Ј (siTER-1, antisense), 5Ј-CGCUCGCCAUCUUUGUGAUCU-3Ј (siTER-2, sense), and 5Ј-AUCACAAAGAUGGCGAGCGCC-3Ј (siTER-2, antisense). The corresponding duplex siRNAs were purchased from Sigma. Four days prior to the experiments, HeLa cells were transfected with the appropriate siRNA using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen), according to the manufacturer's instructions.
Plasmids-The pRS316 plasmid is a yeast centromere (CEN) vector with a URA3 marker (27) . The pAKNF313 (CEN, HIS3 marker), pAKNF315 (CEN, LEU2 marker), and pAK158 (2 , URA3 marker) plasmids are yeast expression vectors designed to produce an N-terminal 3xFLAG-tagged protein (pAKNF313 and pAKNF315) or an N-terminal 2xHA-tagged protein (pAK158), all under control of the GAPDH promoter. The human TER and CERS5 cDNAs were amplified by PCR using human liver cDNA (Clontech/TAKARA Bio, Shiga, Japan) and primers (for TER, 5Ј-AGGATCCATGAAGCATTACGAGGT-GGAGATTCTG-3Ј and 5Ј-TTCAGAGCAGGAAGGGGAT-GATGGGC-3Ј; for CERS5, 5Ј-GGGATCCATGGCGACAGC-AGCGCAGGGACC-3Ј and 5Ј-TTACTCTTCAGCCCAGTA-GCTGCCTCCC-3Ј; BamHI sites are underlined). The amplified fragments were cloned into the pGEM-T Easy vector (Promega, Madison, WI), producing the pGEM-TER and pGE-M-CERS5 plasmids. The pTW8 (3xFLAG-TER) and pAB128 (2xHA-TER) plasmids were constructed by cloning the BamHI-NotI fragment of pGEM-TER into the BamHI-NotI site of the pAKNF315 or pAK158 vectors, respectively. Similarly, the BamHI-NotI fragment of pGEM-CERS5 was cloned into the BamHI-NotI site of the pAKNF313 vector, producing the pAB119 plasmid.
The yeast TSC13 gene with its promoter and the 3Ј-UTR region was amplified using yeast genomic DNAs and primers 5Ј-AACCCGGGTTACCTCTAGCAATGTAAACACCG-3Ј and 5Ј-GACGAAGATGACGTTGTCAGCTCAAGC-3Ј and cloned into the pGEM-T Easy vector, producing the pGEM-TSC13-1 plasmid. The yeast TSC13 gene without its promoter but containing the 3Ј-UTR was amplified using yeast genomic DNAs and primers 5Ј-AGGATCCATGCCTATCACCATAA-AAAGCCGCTC-3Ј (BamHI site underlined) and 5Ј-GACGA-AGATGACGTTGTCAGCTCAAGC-3Ј and cloned into pGEM-T Easy vector, creating the pGEM-TSC13-2 plasmid. The pTW6 (TSC13) and pAB134 (3xFLAG-TSC13) plasmids were constructed by cloning the NotI-NotI fragment of the pGEM-TSC13-1 or the BamHI-NotI fragment of the pGEM-TSC13-2 plasmid into the NotI site of the pRS316 vector or the BamHI-NotI site of the pAKNF313 vector, respectively.
[ 3 H]Lipid Labeling Assay-Yeast cells were labeled for 2 h at 30°C with [11, H]SPH (6) , [4, H]dihydrosphingosine (DHS; 50 Ci/mmol; American Radiolabeled Chemicals, St. Louis, MO), or [9,10-3 H]palmitic acid (40 Ci/mmol; American Radiolabeled Chemicals). After labeling, cells were collected by centrifugation and suspended in ethanol, water, diethyl ether, pyridine, 15 N ammonia (15:15:5:1:0.018, v/v). Lipids were extracted by incubation for 15 min at 60°C. Cell debris and extracted lipids were separated by a 2-min centrifugation at 2,000 ϫ g. Radioactivity was measured using a liquid scintillation system (LSC-3600; Aloka, Tokyo, Japan), and samples containing lipids of equal radioactivity were used for further study. The lipids were dried, suspended in chloroform/methanol/water (5:4:1, v/v), and separated by TLC on Silica Gel 60 high performance TLC plates (Merck) with chloroform, methanol, 4.2 N ammonia (9:7:2, v/v) as the solvent system. The lipids were visualized by spraying the TLC plates with a fluorographic reagent (2.8 mg/ml of 2,5-diphenyl-oxazole (Sigma) in 2-methylnaphthalene/1-buthanol (1:3.3, v/v)) and exposing them to x-ray film at Ϫ80°C.
For the double bond cleavage assay, lipids extracted as described above were dried and subjected to trans-methylation, where lipids suspended in 400 l of 1 M methanolic HCl (Supelco/Sigma) and 5% 2,2-dimethoxypropane (Sigma) were incubated for 1 h at 80°C. Generated FA methyl esters (FAMEs) were separated from methanol with 400 l of hexane. Note that most of the other lipids were retained in the methanol phase. Lipids in the hexane phase were dried, suspended in 100 l of 90% acetic acid, and divided into two portions (50 l each). Lipids were treated with 75 l of 0.5% KMnO 4 and 0.5% KIO 4 (or 75 l water for control) for 1 h at 37°C, reduced with 15 l of 20% sodium bisulfite (or 15 l water for control), and neutralized with 50 l of ammonia. Lipids were extracted by adding 250 l of chloroform. After phase separation by centrifugation, the organic phase was recovered and dried. Lipids were suspended in 20 l of chloroform, then separated by reverse-phase TLC on LKC18 Silica Gel 60 TLC plates (Whatman, Kent, UK) with chloroform/methanol/water (5:15:1, v/v).
Mammalian cells were incubated with 1 ml of medium without FBS for 30 min at 37°C, then labeled with [11, H]SPH, [4, H]DHS, or [9,10-3 H]palmitic acid for 4 or 24 h at 37°C. Culture medium was removed from cells, which were then washed with 1 ml of PBS, detached from the dish with scrapers, and resuspended in 200 l of PBS. Lipids were extracted by mixing with successive additions of 3.75 volumes of chloroform/methanol/HCl (100:200:1, v/v), 1.25 volumes of chloroform, and 1.25 volumes of 1% KCl. Phases were then separated by centrifugation, and the organic phase was recovered. In the case of alkaline treatment, lipids were incubated with 0.32 volumes of 0.5 M NaOH in methanol (or methanol only for the control) for 1 h at 37°C. After neutralizing with 0.16 volumes of 1 M HCl in methanol (or 0.032 volumes of 5 M NaCl in methanol for the control), lipids were extracted by mixing with successive additions of 0.61 volumes of methanol and 0.95 volumes of 1% KCl. Phases were then separated by centrifugation, and the organic phase was recovered. Lipids were dried and suspended in 20 l of chloroform/methanol (2:1, v/v) for normal phase TLC separation or in 123 l of methanol for methyl esterification. Lipids were resolved by normal phase TLC on Silica Gel 60 high-performance TLC plates (Merck) with 1-butanol/acetic acid/water (3:1:1, v/v), followed by detection/quantification using the bioimaging analyzer BAS-2500 (Fuji Photo Film, Tokyo, Japan) and/or detection by autoradiography, as described above. The identities of the lipid bands on TLCs were determined by comparing the mobilities of radiolabeled lipid bands with those of standards, as described previously (6) . Furthermore, alkaline treatment confirmed the validity of the determined lipid species.
Methyl esterification was performed as follows. Alkalinetreated lipids dissolved in 123 l of methanol were mixed with 67 l of 3 M methanolic HCl and 10 l of 2,2-dimethoxypropane and incubated for 1 h at 100°C. The generated FAMEs were extracted from methanol with 300 l of hexane twice, dried, suspended in 20 l of chloroform, separated by reversephase TLC on Silica Gel 60 RP-18 F 254 TLC plates (Merck) with chloroform/methanol/water (15:30:2, v/v), and detected by autoradiography.
Preparation of Total Lysates and Total Membrane Fractions-HeLa cells transfected with control siRNA or siTER were washed with PBS, suspended in buffer A (50 mM HEPES-NaOH (pH 7.4), 150 mM NaCl, 10% glycerol, 1 mM DTT, 1 mM PMSF, and a 1ϫ Complete TM protease inhibitor mixture (EDTA-free; Roche Diagnostics), and lysed by sonication. After removal of cell debris by centrifugation (2,000 ϫ g, 3 min, 4°C), the supernatant was recovered as total lysates. Total lysates were centrifuged at 100,000 ϫ g for 30 min at 4°C, and the resulting pellet (total membrane fraction) was suspended in buffer A.
In Vitro S1P Metabolism Assay-Total membrane fractions were incubated with 0.05 Ci of [11, H]S1P for 1 h at 37°C in a reaction mixture (buffer A containing 2 mM MgCl 2 , 1 mM CaCl 2 , 5 M fumonisin B 1 (Cayman Chemical, Ann Arbor, MI), 1 mM glycerol 3-phosphate (Wako Pure Chemical Industries), 5 mM ␤-glycerophosphate (Sigma), 5 mM NaVO 4 (Wako Pure Chemical Industries), and 250 M pyridoxal phosphate (Sigma)) in the presence or absence of 200 M CoA, 5 mM ATP, and/or 1 mM NADPH. [11, H]S1P was prepared as described previously (6) . After the reaction, lipids were extracted by mixing with successive additions of 3.75 volumes of chloroform/methanol/HCl (100:200:1, v/v), 1.25 volumes of chloroform, and 1.25 volumes of 1% KCl. Phases were then separated by centrifugation, and the organic phase was recovered and dried. Lipids were subjected to trans-methylation and the double bond cleavage assay as described above.
In Vitro S1P Lyase Assay-32 P-Labeled S1P was used as a substrate for the in vitro S1P lyase assay. The 32 P-labeled S1P was prepared by incubating 30 M SPH (Sigma), complexed with 0.4 mg/ml of FA-free BSA (Sigma), with 13 Ci of [␥-32 P]ATP (3,000 Ci/mmol; PerkinElmer Life Sciences) and 62.5 ng of purified 3xFLAG-Lcb4 (28) at 37°C for 1 h in 100 l of buffer A containing 5 mM MgCl 2 . Produced S1P was extracted by mixing with successive additions of 600 l of chloroform/methanol (1:2, v/v), 7.5 l of 15 M ammonia, 400 l of chloroform, and 400 l of 1% KCl. Phases were then separated by centrifugation, and the upper (water) phase was recovered and mixed with 600 l of chloroform and 77 l of 5 M HCl. Phases were separated again by centrifugation, and the lower (organic) phase was recovered, dried, and dissolved in ethanol.
The in vitro S1P lyase assay was performed by incubation of total membrane fractions with 5 M [ 32 P]S1P (10 Ci of [ 32 P]S1P plus cold S1P (Sigma)), complexed with 2 mg/ml of FA-free BSA, at 37°C for 10 min in a 50-l reaction mixture (buffer A containing 5 mM ␤-glycerophosphate, 5 mM NaVO 4 , and 250 M pyridoxal phosphate). After the reaction, the 7-l reaction mixture was mixed with 33 l of chloroform/methanol/water/HCl (100:200:30:1, v/v), and 5 l of the resultant mixture was spotted on Silica Gel 60 high-performance TLC plates and separated with 1-butanol/acetic acid/water (2:1:1, v/v) as the solvent system. Produced [ 32 P]phosphoethanolamine was detected and quantified using bioimaging analyzer BAS-2500 (Fuji Photo Film).
In Vitro SPH Kinase Assay-In vitro SPH kinase assay was performed as described elsewhere (29) . Total lysates were incubated with RT-PCR-Total RNA was isolated from HeLa cells transfected with control siRNA or siTER using a NucleoSpin RNA II kit (Machery-Nagel, Düren, Germany). RT-PCR was performed using SuperScript One-Step RT-PCR with Platinum Taq (Invitrogen) and the following primers: TER, 5Ј-TTCAG-AGCAGGAAGGGGATGATGGGC-3Ј and 5Ј-GTCACTCA-TTCCACTACATCAAGCG-3Ј; SPHK1, 5Ј-TGCTGATGTG-GACCTAGAGAGTGAG-3Ј and 5Ј-CAGGGGTCATAAGG-GCTCTTCTGGC-3Ј; SPHK2, 5Ј-TTGGGCAGTGCCCGCT-TCACACTGG-3Ј and 5Ј-GATGGCCAACATGAGCACAAA-GTCC-3Ј; SPL, 5Ј-TCAGTGGGGTTTTGGAGAACCATTC-ATCTG-3Ј and 5Ј-AACTATCAGTTCTTCGTCGATACAG-ATTGG-3Ј; and GAPDH, 5Ј-CCAAGGTCATCCATGACAA-CTTTGG-3Ј and 5Ј-GGTCCACCACCCTGTTGCTGTA-GCC-3Ј.
RESULTS
Substantial Quantities of SPH Are Metabolized to Esterlinked Glycerophospholipids-SPH is metabolized to complex sphingolipids after conversion to ceramide or other lipids, mainly ester-linked glycerophospholipids (phosphatidylcho-Dual Functions of TER SEPTEMBER 5, 2014 • VOLUME 289 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 24739 line (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and phosphatidylserine (PS)) after conversion to palmitoyl-CoA via the S1P metabolic pathway (6, 19) . In the latter pathway, the generated palmitoyl-CoA can also be used for the synthesis of triglyceride (TG) and ether-linked glycerophospholipids or degraded to CO 2 by ␤-oxidation (19, 30) . However, quantitative analyses determining what extent of SPH is metabolized via the S1P metabolic pathway using cultured cells have not been performed. Therefore, we labeled HeLa cells with [11, H]SPH for 2 and 24 h and quantitatively analyzed the SPH metabolites. Radioactivity in the medium decreased from 2 to 24 h, which opposed the increasing trend in radioactivity observed in cells ( Fig. 2A) , reflecting time-dependent absorption of SPH ( Fig. 2B ). Total radioactivity (medium plus cells) decreased slightly from 2 to 24 h ( Fig. 2A ), but not statistically significantly. Thus, only a small amount of SPH, if any, was metabolized to CO 2 from 2 to 24 h. At 2 h, ceramide and monohexosylceramides (glucosylceramide and galactosylceramide) were the major SPH metabolites (Fig. 2, B and C), although their levels decreased at 24 h. Instead, more complex sphingolipids, such as sphingomyelin, lactosylceramide, and other glycosphingolipids, increased. Substantial amounts of SPH were also metabolized to glycerolipids (ester-linked glycerophospholipids and TG) at 2 h (17.0% of total radioactivity) ( Fig. 2, B and C) . These glycerolipids could be distinguished from sphingolipids by their sensitivity to mild alkaline. Alkaline cleaves the ester bonds connecting FAs and the glycerol backbone, liberating FAs. Total glycerolipid levels increased to 23.4% at 24 h, although TG levels decreased from 4.9 (2 h) to 1.4% (24 h) (Fig. 2, B and C) . We observed little conversion of SPH to ether-linked glycerophospholipids. Although SPH is metabolized to glycerolipids via the S1P metabolic pathway (6), only little or no S1P was detected in cells and medium (Fig. 2B) . These results indicate that S1P is a FIGURE 2. A high proportion of SPH is metabolized to glycerophospholipids. A-C, HeLa cells were labeled with 0.065 Ci of [11, H]SPH for 2 or 24 h. Lipids were extracted from the cells and culture medium. A, the radioactivity associated with the cells and culture medium was quantified using liquid scintillation counter LSC-3600, and data are expressed as the mean Ϯ S.D. from three independent experiments. Statistically significant differences are indicated (t test; *, p Ͻ 0.05; **, p Ͻ 0.01). B, extracted lipids were treated with or without alkaline solution and separated by normal-phase TLC with 1-butanol/acetic acid/water (3:1:1, v/v), followed by detection with bioimaging analyzer BAS-2500. Cer, ceramide; HexCer, monohexosylceramide; LacCer, lactosylceramide; GSL, glycosphingolipids other than monohexosylceramides and lactosylceramide; SM, sphingomyelin. The glycosphingolipid positioned between S1P and SM and below SM may be globosides Gb3 and Gb4, respectively, considering that these globosides are major glycosphingolipids in HeLa cells (52) . The asterisk indicates unidentified lipids. C, the radioactivity associated with each lipid in B was quantified, and data are expressed as the mean Ϯ S.D. relative to the radioactivity in total lipids from three independent experiments. Statistically significant differences are indicated (t test; *, p Ͻ 0.05, **, p Ͻ 0.01). Inset, radioactivity of total glycerolipids (GLs) and sphingolipids (SLs). D, HeLa cells were labeled with 0.16 Ci of [11, H]SPH for 24 h. Lipids were extracted, treated with alkaline, and subjected to methyl esterification. The generated FAMEs were separated by reverse-phase TLC with chloroform/methanol/water (15:30:2, v/v) and detected by autoradiography. As standards, [9,10-3 H]palmitic acid and [1-14 C]stearic acid (both from American Radiolabeled Chemicals) were similarly methyl-esterified. E, PC12, HepG2, and IEC-6 cells were labeled with 0.065 Ci of [11, H]SPH for 24 h. Lipids were extracted from the cells, treated with or without alkaline solution, separated by normal-phase TLC with 1-butanol/acetic acid/water (3:1:1, v/v), and detected by autoradiography. Plas-E, plasmanylethanolamine/plasmenylethanolamine; GPE, glycerophosphoethanolamine. Arrowheads represent the breakdown product of Plas-E, 1-alkyl/ alkenyl-glycerophosphoethanolamine. transient intermediate of SPH to glycerolipid conversion and most of the generated S1P is rapidly degraded without being released into the extracellular space surrounding the HeLa cells.
We next examined the FA species in glycerolipids that are derived from SPH. Labeled lipids were treated with alkaline, and the FAs released from glycerolipids were then methyl-esterified and separated by reverse-phase TLC. We found that the majority of the FA species of the SPH metabolites were C16:0 (palmitic acid) (Fig. 2D) . Thus, most of the palmitoyl-CoA generated via the S1P metabolic pathway was directly used for glycerolipid synthesis without elongation.
We also examined the metabolism of SPH in other cell types (PC12 neuronal cells, HepG2 hepatocytes, and IEC-6 intestinal epithelial cells) by labeling these cells with [ 3 H]SPH for 24 h (Fig. 2E) . Again, large amounts of ester-linked glycerophospholipids were produced irrespective of cell type (PC12, 32%; HepG2, 21%; and IEC-6, 42%). Low amounts of ether-linked ethanolamine glycerophospholipids (plasmanylethanolamine/ 1-alkyl-2-acyl-glycero-3-phosphoethanolamine or plasmenylethanolamine/ethanolamine plasmalogen/1-alkenyl-2-acylglycero-3-phosphoethanol), which were converted to 1-alkyl/ alkenyl-glycerophosphoethanolamine by alkaline treatment (Fig. 2E, arrowheads) , were also detected (PC12, 3.0%; and HepG2, 5.2%). Again, little S1P was observed. In conclusion, 20 -45% of SPH was metabolized via the S1P metabolic pathway and the ester-linked glycerophospholipids were the major metabolites of this pathway.
Ectopic Expression of Human Trans-2-Enoyl-CoA Reductase TER in Yeast TER Homolog Tsc13-lowered Cells Causes Recovery in the Deficient S1P Metabolic Pathway-The gene involved in the saturation step of the S1P metabolic pathway, the conversion of trans-2-hexadecenoyl-CoA to palmitoyl-CoA, has not yet been identified. Because trans-2-hexadecenoyl-CoA is classified as a trans-2-enoyl-CoA, the enzyme involved is trans-2-enoyl-CoA reductase. All known enzymes involved in the S1P metabolic pathway are localized in the endoplasmic reticulum (20, (31) (32) (33) . Therefore, we expected the candidate trans-2enoyl-CoA reductase to be localized in the endoplasmic reticulum. Because the trans-2-enoyl-CoA reductase TER catalyzes the conversion of long-chain or very long-chain trans-2-enoyl-CoA to saturated acyl-CoA in the FA elongation cycle in the endoplasmic reticulum (22) , we decided to examine its involvement in the S1P metabolic pathway.
To analyze TER, we first utilized a genetically tractable yeast system. The genes involved in the S1P metabolic pathway and the FA elongation cycle are well conserved between yeast and mammals. Although SPH is not a natural LCB for yeast, we previously demonstrated that exogenously added SPH was metabolized to palmitoyl-CoA and incorporated into glycerophospholipids via S1P as in mammals (6) . The yeast homolog of TER is Tsc13. Because VLCFA production is essential for yeast growth, the TSC13 gene cannot be deleted (34) . We therefore utilized a controllable tetracyclin (doxycycline; DOX)-dependent promoter (Tet-TSC13 cells). To minimize nonspecific effects caused by growth inhibition, we used DOX-treated Tet-TSC13 cells at the beginning of growth inhibition (13 h after adding DOX). As reported previously (6), exogenously added [11, H]SPH was mainly metabolized to glycerophospholipids PC, PE, PI, and PS and partly to complex sphingolipids (inositol phosphorylceramide, mannosylinositol phosphorylceramide, and mannosyldiinositol phosphorylceramide) in wild-type cells both in the presence and absence of DOX (Fig.  3B) . The metabolism of SPH in the absence of DOX was similar in Tet-TSC13 and wild-type cells (Fig. 3B ). However, DOX treatment caused a reduction in the metabolism of SPH to glycerophospholipids in Tet-TSC13 cells, suggesting that Tsc13 is involved in the S1P metabolism. DOX treatment also affected sphingolipid metabolism in Tet-TSC13 cells (Fig. 3B) . The FA moiety of yeast sphingolipids is predominantly C26 VLCFA (35) . The impairment of VLCFA production caused by lowered Tsc13 levels therefore affected the sphingolipid metabolism, as was reported for mutations in the other genes involved in VLCFA production (36, 37) .
As a control, we also conducted [ 3 H]DHS labeling. DHS is a saturated LCB, existing both in mammals and yeast. The only difference between DHS and SPH is the existence of a trans double bond in SPH. The metabolism of DHS to glycerophospholipids is almost identical to that of SPH, except that the saturation step present in the S1P metabolic pathway is omitted (6) (Fig. 3A) . Therefore, Tsc13 was not anticipated to be directly involved in the DHS metabolism. Examining the DHS metabolism was expected to serve as a nice control to determine to what extent steps in the S1P metabolic pathway minus the Tsc13-catalyzing step were affected by the indirect growth retardation effect caused by the lowered Tsc13. DHS to glycerophospholipid metabolism was almost normal in Tet-TSC13 cells in the presence of DOX (Fig. 3C ). The metabolism of DHS to sphingolipid was impaired, due to the direct effect of lowered VLCFAs.
To further exclude the possibility that lowered Tsc13 levels indirectly affect glycerophospholipid synthesis, [ 3 H]palmitic acid labeling was conducted. The metabolism of [ 3 H]palmitic acid to glycerophospholipids was similar in Tet-TSC13 cells to that in wild-type cells, regardless of the presence or absence of DOX (Fig. 3D ). Thus, Tsc13 seems to be involved in S1P metabolism directly rather than through the indirect growth effect.
The effect of the ectopic expression of human TER in Tet-TSC13 cells was examined. Expression of TER resulted in the recovery of the deficient S1P metabolic pathway as well as sphingolipid metabolism (Fig. 3, B and C) . These results suggest that TER is involved in the S1P metabolism.
Creation of the tsc13⌬ Yeast Cells and Restoration of the Deficient S1P Metabolism by TER-Under normal conditions, the TSC13 gene cannot be deleted due to the essential functions of VLCFAs (34) . In yeast, VLCFAs are almost exclusively C26 (35) . They are mainly used for sphingolipid synthesis, although a fraction takes part in glycosylphosphatidylinositol-anchor biosynthesis (35, 38) . The lethality of VLCFA-deficient mutations might thus be attributable to essential functions of VLCFAcontaining sphingolipids. However, a recent report indicated that the introduction of cotton ceramide synthase into yeast leads to a shift of C26 sphingolipids to C18 sphingolipids without severe growth defects (39) . From this observation, we speculated that VLCFA-containing sphingolipids are not essential for growth but that VLCFAs are needed for the production of sphingolipids due to substrate specificity of yeast ceramide synthases Lag1 and Lac1. To test this possibility, we examined whether the TSC13 gene could be deleted in yeast cells if they instead expressed the human ceramide synthase CERS5, which is known to generate C16 and C18 ceramides like cotton ceramide synthase (40) . The tsc13⌬ cells harboring the plasmid encoding the TSC13 gene and URA3 as a marker did not grow on a plate containing 5-FOA, which kills URA3 ϩ cells (Fig. 4A ). This result indicates that tsc13⌬ cells could not lose the TSC13encoding plasmid and still survive. However, the introduction of a CERS5-encoding plasmid into tsc13⌬ cells bearing the TSC13/URA3 plasmid enabled the cells to grow on the 5-FOA plate (Fig. 4A) . These results indicate that if CERS5 is expressed, tsc13⌬ yeast is able to grow. The tsc13⌬/CERS5 cells exhibited a small retardation in growth compared with the wild-type control, demonstrating that these cells can be used to eliminate the indirect growth effects. Furthermore, sphingolipid metabolism was expected to be unaffected by the tsc13⌬ mutation, because the ceramide synthase CERS5 produces C16/C18 sphingolipids in place of yeast ceramide synthases Lag1 and Lac1, which cannot use C16/C18-CoAs as substrates.
The same labeling experiments performed on the Tet-TSC13 cells were carried out on the tsc13⌬/CERS5 cells. The metabolism of [ 3 H]DHS and [ 3 H]palmitic acids was almost indistinguishable between wild-type control and tsc13⌬/CERS5 cells (Fig. 4, C and D) . In contrast, SPH to glycerophospholipid metabolism was largely impaired in tsc13⌬/CERS5 cells, accompanied by an increase in the metabolism of SPH to sphingolipids ( Fig. 4B) . Because the only difference between the DHS and SPH to glycerophospholipid metabolic pathways is the presence of the saturation step for SPH, our results signify that the tsc13⌬ mutation affected the saturation step.
Although the SPH to glycerophospholipid metabolic pathway was impaired to a large degree in tsc13⌬/CERS5 cells, it was not completely blocked. This may have been caused by the presence of another trans-2-enoyl-CoA reductase in yeast. Alternatively, the accumulated trans-2-hexadecenoyl-CoA may have been incorporated into glycerophospholipids without saturation. To further investigate these effects, FAs incorporated into glycerophospholipids were methyl-esterified and treated with KIO 4 and KMnO 4 , which lead to cleavage of the double bonds and converted them to two carboxylic acids (Fig. 4F ). These were separated by reverse-phase TLC. The FAs produced from SPH in wild-type cells were mostly C16:0 FA (palmitic acid), as the corresponding C16:0 FAME was resistant to KIO 4 /KMnO 4 (Fig. 4E) . These results are consistent with our previous studies (6) . Some C16:1 FA (cis-9-C16:1 FA; palmitoleic acid) was also produced through conversion of palmitoyl-CoA to palmitoleoyl-CoA by the yeast ⌬9 desaturase. The corresponding cis-9-C16:1 FAME was sensitive to KIO 4 /KMnO 4 , and tritium atoms at positions C9 and C10 were removed (Fig. 4F ). On the other hand, the FAs generated in tsc13⌬/CERS5 cells were trans-2-hexadecenoic acid and its cis-⌬9 derivatives (Fig. 4E ), because C14:0 FA was detected by KIO 4 /KMnO 4 treatment (Fig. 4F) . These results indicate that the tsc13⌬ mutation almost prevented the conversion of SPH to palmitoyl-CoA, but some of the accumulated trans-2-hexadecenoyl-CoA was incorporated into glycerophospholipids without saturation. Introduction of TER into tsc13⌬/CERS5 cells restored the deficient S1P metabolic pathway (Fig. 4G ). Thus, TER was found to be a trans-2-hexadecenoyl-CoA reductase functioning in the S1P metabolic pathway.
Knockdown of TER in HeLa Cells Causes Reductions in Both SPH and DHS to Glycerophospholipid Metabolisms-We examined the involvement of TER in the S1P metabolic pathway using HeLa cells. HeLa cells were treated with control siRNA or siRNA for TER (siTER). It can be seen from the RT-PCR results that siTER caused a large decrease in TER mRNA (Fig. 5A) . Labeling experiments were performed using [ 3 H]SPH. Treatment of siTER caused ϳ50% reduction in the metabolism of SPH to glycerophospholipids (Fig. 5, B and C) . The double bond cleavage assay and separation by reverse phase TLC revealed that SPH was incorporated into glycerophospholipids as palmitic acid but not as trans-2-hexadecenoic acid (data not shown). Sphingolipid metabolism was also affected by siTER treatment due to a high proportion of C24 VLCFAs (C24:0 and C24:1) in HeLa sphingolipids (41) . Monohexosylceramide levels decreased, but ceramide levels were increased (Fig. 5B) . 3C and 4C ), knockdown of TER in HeLa cells caused a reduction in the DHS metabolism (Fig. 5, D and  E) , although palmitic acid was normally metabolized to glycerophospholipids (Fig. 5, F and G) . These results suggest that a specific enzyme common to SPH and DHS to glycerophospholipid metabolisms was inhibited by knockdown of TER. We therefore investigated the activities of S1P synthesizing (SPH kinase) and S1P degrading (S1P lyase) enzymes, which are FIGURE 4. Blockage of the S1P metabolic pathway in tsc13⌬ cells is recovered by expression of mammalian TER. A, ABY83 (tsc13⌬ cells bearing the pTW6 plasmid encoding TSC13 (pTSC13) and URA3; ABY83/pTW6) were transfected with the pAKNF313 (HIS3 vector, 1), pAB119 (3xFLAG-CERS5 (pCERS5), 2) or pAB134 (3xFLAG-TSC13 (pTSC13), 3) plasmids. Cells were grown on a plate of SC medium lacking uracil and histidine (SC-His-Ura) or SC-His containing 5-FOA at 30°C for 2 days. B-E, BY4741 (wild type)/pAB119 (3xFLAG-CERS5) cells and ABY80 (tsc13⌬ cells/pAB119) cells were grown in SC-His medium and labeled with 0.07 Ci of [11, H]SPH (B and E), 0.07 Ci of [4,5-3 H]DHS (C), or 0.07 Ci of [9,10-3 H]palmitic acid (D) at 30°C for 2 h. B-D, lipids were extracted, separated by normal-phase TLC with chloroform, methanol, 4.2 N ammonia (9:7:2, v/v), and detected by autoradiography. CER, ceramide; DHS1P, DHS 1-phosphate; IPC, inositol phosphorylceramide; MIPC, mannosylinositol phosphorylceramide; M(IP) 2 C, mannosyldiinositol phosphorylceramide. E, lipids were extracted and subjected to trans-methylation. The generated FAMEs were isolated by hexane/methanol phase separation, treated with or without KMnO 4 /KIO 4 , and separated by reverse-phase TLC with chloroform/methanol/water (5:15:1, v/v). F, double bond cleavage reactions in E for palmitic acid methyl ester (C16:0 FAME), trans-2-hexadecenoic acid methyl ester (trans-2-C16:1 FAME), and palmitoleic acid (cis-9-hexadecenoic acid) methyl ester (cis-9-C16:1 FAME). KMnO 4 /KIO 4 treatment causes a double bond cleavage and generation of two carboxylic acids. Note that two tritium atoms in palmitoleic acid methyl ester are removed during the oxidation reactions. Dots represent tritium atoms. Me, methyl group. G, BY4741 (wild type)/pAB119 (pCERS5)/pAK158 (vector), ABY80 (tsc13⌬/ pCERS5)/pAK158, and ABY80 (tsc13⌬/pCERS5)/pAB128 (2xHA-TER) cells grown in SC-His-Leu medium were labeled with 0.07 Ci of [11, H]SPH for 2 h. Lipids were extracted, separated by normal-phase TLC with chloroform, methanol, 4.2 N ammonia (9:7:2, v/v), and detected by autoradiography.
required for both types of metabolism (Fig. 3A) . SPH kinase activity was reduced in HeLa cells treated with siTER; however, S1P lyase activity was not reduced (Fig. 5H) . The mRNA levels of SPH kinases SPHK1 and SPHK2 and S1P lyase SPL were almost unaffected by the TER knockdown (Fig. 5A) . These results suggest that a decrease in VLCFA production caused by reduced TER may cause a concomitant reduction in signaling to the S1P metabolic pathway. It is possible that the drop in S1P/DHS 1-phosphate synthesis was so great that the additional effects of the reduced enzyme activity of TER were unobservable in the SPH to glycerophospholipid metabolism as compared with the DHS to glycerophospholipid metabolism.
Knockdown of TER in HeLa Cells Causes Decreased S1P Metabolism in Vitro-To circumvent the regulatory mechanisms that occur within the cells, we directly examined the effects of TER knockdown using an in vitro assay, where fixed amounts of [11,12-3 H]S1P could be used as starting material.
For this purpose, we first established the assay system, reproducing the S1P metabolism in vitro. Total membrane fractions prepared from HeLa cells were incubated with [ 3 H]S1P in the presence of pyridoxal phosphate, the cofactor of the S1P lyase SPL, and NAD ϩ , the cofactor of the fatty aldehyde dehydrogenase ALDH3A2 (Fig. 6A ). Almost all of the S1P was metabolized to trans-2-hexadecenoic acid, as evidenced by the TLC position of its corresponding FAME and its conversion to C14:0 FA upon treatment with KIO 4 /KMnO 4 (Fig. 6B ). Inclusion of ATP and CoA, which are needed for the following acyl-CoA synthetase-catalyzing reactions, resulted in the production of trans-2hexadecenoyl-CoA and C14:0-CoA (Fig. 6B ). C14:0-CoA might be an artifact of the in vitro assay, which was generated through partial ␤-oxidation of the accumulated trans-2-hexadecenoyl-CoA. In ␤-oxidation, trans-2-enoyl-CoA is converted to acyl-CoA with two fewer carbon units through hydration, NAD ϩdependent oxidation, and cleavage (42) . The generated C14: Autoradiograms with a shorter exposure to x-ray film than used in the right panels are presented as the left panels in B and D, because PC bands are saturated in the right panels. Cer, ceramide; HexCer, monohexosylceramide; SM, sphingomyelin. C, E, and G, radioactivities associated with glycerophospholipids in B, D, and F were quantified using a bioimaging analyzer and expressed as the mean Ϯ S.D. relative to those of total lipids from three independent experiments. Statistically significant differences are indicated (t test; *, p Ͻ 0.05; **, p Ͻ 0.01). Note that radioactivities associated with PC in B and D could not be quantified due to proximity of PC and sphingomyelin bands. H, for SPH kinase assay, total lysates (30 g) prepared from the siRNA-treated HeLa cells were incubated with [3-3 H]SPH (0.04 Ci, 20 M) and 1 mM ATP at 37°C for 15 min. Lipids were extracted and separated by normal-phase TLC with 1-butanol/acetic acid/water (3:1:1, v/v). The radioactivities associated with [3-3 H]S1P were quantified using a bioimaging analyzer. For S1P lyase assay, total membrane fractions (10 g) prepared from siRNA-treated HeLa cells were incubated with [ 32 P]S1P (10 Ci, 5 M) at 37°C for 10 min. The reaction products were separated by normal-phase TLC with 1-butanol/acetic acid/water (2:1:1, v/v). The radioactivities associated with [ 32 P]phosphoethanolamine were quantified using a bioimaging analyzer. Values represent the mean Ϯ S.D. of the percent of the radioactivities associated with the reaction products to those in control cells from three independent experiments. Statistically significant differences are indicated (t test; *, p Ͻ 0.05). 0-CoA was not subjected to further ␤-oxidation, because our in vitro assay did not include FAD, which was required for the first step (conversion of acyl-CoA to trans-2-enoyl-CoA) of the next round of ␤-oxidation (42) . The conversion of trans-2-hexadecenoyl-CoA to palmitoyl-CoA required the inclusion of NADPH, which was consistent with the fact that the cofactor of TER is NADPH (Fig. 6B) (22, 43) . In conclusion, the S1P metabolic pathway was reproduced in vitro in a form that allowed control of each step by inclusion or omission of the appropriate cofactors.
Using the established in vitro assay system, we examined the involvement of TER. We subjected membrane fractions prepared from siTER-treated HeLa cells to the assay. Although the reaction mixture included all the necessary cofactors, conversion of trans-2-hexadecenoyl-CoA to palmitoyl-CoA was largely impaired, and only a small amount of palmitoyl-CoA was produced (Fig. 6C) . Instead, trans-2-hexadecenoyl-CoA was the main product, and C14:0-CoA was also detected (Fig.  6C) . These results obtained from the in vitro assays clearly demonstrate that TER was the trans-2-enoyl-CoA reductase involved in the S1P metabolic pathway.
DISCUSSION
The S1P metabolic pathway is the only route for the conversion of the LCB moiety of sphingolipids to palmitoyl-CoA, which is further metabolized to mainly ester-linked glycerophospholipids. Therefore, this pathway is evidently quite important for sphingolipid homeostasis. Although the existence of the pathway was discovered in the late 1960s (19) , its detailed reactions and the involved enzymes remained unidentified for a long time. In a study we published in 2012 (6) , the reactions in the S1P metabolic pathway have been described and most of the genes involved identified, with the exception of the gene involved in the saturation step. In the present study, we show that the trans-2-enoyl-CoA reductase TER gene is responsible for the reaction. We quantitatively analyzed the metabolism of SPH using HeLa cells. Although palmitoyl-CoA is the common precursor for several lipids such as ester-and ether-linked glycerophospholipids, TG, and sphingolipids, and can be also converted to CO 2 by ␤-oxidation for energy production, most palmitoyl-CoA derived from SPH was metabolized to ester-linked glycerophospholipids without elongation (Fig.  2, B-D) . Little ether-linked glycerophospholipids were generated from SPH in HeLa cells, whereas small quantities were produced in PC12 and IEC-6 cells ( Fig. 2E ). SPH can be metabolized to fatty alcohols for ether-linked glycerophospholipid synthesis via two mechanisms. First, the S1P lyase product fatty aldehyde (hexadecenal) is reduced to fatty alcohol. This reduction takes place when the activity of fatty aldehyde dehydrogenase is low, as we previously demonstrated using ALDH3A2deficient CHO-K1 cells (6) . Alternatively, palmitoyl-CoA derived from SPH is subjected to the general plasmalogen biosynthetic pathway, where palmitoyl-CoA is converted to a fatty alcohol by fatty acyl-CoA reductase (44) .
When HeLa cells were labeled with [ 3 H]SPH, there was a tendency for the total radioactivity (medium plus cells) from 2 to 24 h to decrease slightly ( Fig. 2A) , although this was not statistically significant. Thus, only a small quantity of SPH, if any, was metabolized to CO 2 from 2 to 24 h. The radioactivity of TG was reduced from 4.9 (2 h) to 1.4% (24 h) (Fig. 2, B and C) . Because TG is conserved for energy production, it is possible that the decrease in TG was responsible for any potential slight decrease in total radioactivity ( Fig. 2A) .
Because palmitoyl-CoA is a starting material for sphingolipid synthesis (Fig. 1B) , some of the palmitoyl-CoA derived from [ 3 H]SPH via the S1P metabolic pathway may also be used for sphingolipid synthesis. However, we speculate that only a small amount is used for this, considering that the majority of FIGURE 6. The S1P metabolic pathway is impaired in membrane fractions prepared from TER knockdown HeLa cells. A, reactions and cofactors in the S1P metabolic pathway as well as the expected products of the S1P metabolites by methyl esterification and KIO 4 /KMnO 4 treatment. Dashed box and dots represent the TER-mediated reaction and tritium atoms, respectively. The following enzymes catalyze each reaction: 1, S1P lyase SPL; 2, fatty aldehyde dehydrogenase ALDH3A2; 3, acyl-CoA synthetases ACSL1-6, ACSBG1, ACSVL1, and ACSVL4; 4, trans-2-enoyl-CoA reductase TER. C16:1-CHO, trans-2-hexadecenal; C16:1-COOH, trans-2-hexadecenoic acid; C16:1-CoA, trans-2hexadecenoyl-CoA; C16:0-CoA, palmitoyl-CoA; C14:0-COOH, myristic acid; Me, methyl group; PLP, pyridoxal phosphate. B, total membrane fractions (40 g) prepared from HeLa cells were incubated with [11, H]S1P at 37°C for 1 h in the presence or absence of the indicated cofactors. Lipids were extracted and subjected to trans-methylation. The generated FAMEs were isolated by hexane/methanol phase separation, treated with or without KMnO 4 /KIO 4 , separated by reverse-phase TLC with chloroform/methanol/water (5:15:1, v/v), and detected by autoradiography. C, HeLa cells were transfected with 16 nM control siRNA or siTER and grown at 37°C for 4 days. Total membrane fractions (30 g) prepared from the cells were incubated with [11, H]S1P at 37°C for 1 h in the presence of pyridoxal phosphate, NAD ϩ , ATP, CoA, and NADPH. Reaction products were processed as in B.
[ 3 H]palmitic acid was metabolized to glycerophospholipids, with only a small portion (Ͻ5%) being metabolized to sphingolipids ( Fig. 5F ).
Substantial amounts of SPH (20 -45%) were metabolized to glycerolipids, irrespective of the cell type examined (HeLa, PC12, HepG2, and IEC-6 cells in this study (Fig. 2) and CHO-K1 and F9 cells in the previous study (6) ), suggesting that the S1P metabolism is an active pathway that occurs ubiquitously and continuously in cells. The conversion of SPH to glycerolipids was especially high in IEC-6 intestinal epithelial cells ( Fig. 2E) , which may be of importance from a nutritional perspective. Dietary sphingolipids are absorbed by the small intestine after conversion to SPH (45) . We speculate that the amount of dietary SPH in the small intestine is much higher than is required for sphingolipid synthesis. Therefore, the majority of SPH may be converted to glycerolipids via the S1P metabolic pathway in this tissue.
TER was originally identified as a component of the FA elongation machinery, which is responsible for the production of VLCFAs (22) . Although cellular amounts of VLCFAs are much less abundant compared with those of long-chain FAs (C11-C20), VLCFAs play an important role and cannot be replaced by long-chain FAs (23, 24) . For example, saturated and monounsaturated C24 VLCFAs (C24:0 and C24:1) are predominantly used for sphingolipid synthesis (C24 sphingolipids) and are important for myelin and liver functions. Gene knock-out for mouse CerS2, which is involved in C24 ceramide synthesis by catalyzing amide bond formation between LCB and C24-CoA, resulted in myelin sheath defects, cerebellar degeneration, hepatopathy, and high-frequency hepatocarcinomas (46, 47) . The myelin sheath is a lipid-rich layer that surrounds the axon of a neuron. Lipid molecules keep the myelin sheath insulated and thus allow high-speed impulses to propagate along the myelinated fiber. C24 sphingolipids such as sphingomyelins, galactosylceramides, and sulfatides are abundant and important myelin lipids (48, 49) . A point mutation in TER causing a substitution of Pro-182 to Leu was recently found in patients with non-syndromic mental retardation (50) . This was a relatively weak mutation and caused only a slight reduction in C24 sphingolipids (43) , suggesting that the requirement for C24 sphingolipids is especially high in neural systems, and that even a small decrease in C24 sphingolipids leads to neural disorders.
The use of saturated and monounsaturated VLCFAs is characteristic of sphingolipids, whereas polyunsaturated VLCFAs such as docosahexaenoic acid are predominantly used for glycerophospholipid synthesis (23, 24) . The abundance of very long-chain sphingolipids (C24 and C22 sphingolipids) varies among tissues. Very long-chain sphingomyelin levels are highest in the liver (70% of total sphingomyelin levels) among the tissues examined, followed by white adipose tissue (57%), brown adipose tissue (53%), kidneys (53%), pancreas (52%), and lungs (51%) (24) . Even in the testis, which possesses the lowest amount of very long-chain sphingomyelins, the ratio of very long-chain sphingomyelin levels to total sphingomyelin levels is ϳ25% (24) . VLCFAs can thus be concluded to be major components of sphingolipids, indicating that TER is closely related to sphingolipid synthesis. Indeed, monohexosylceramide synthesis was reduced by TER knockdown in HeLa cells (Fig. 5, B and D). Furthermore, TER also functions in the sphingolipid degradation pathway (S1P metabolic pathway), as revealed in this study . TER is thus involved in both directions of the sphingolipid metabolism. In this study, we found that these two pathways are not independent but regulated. In TERknockdown HeLa cells, SPH to glycerophospholipid metabolism and DHS to glycerophospholipid metabolism, in which TER is not directly involved, were affected (Fig. 5, B-E) . This effect might be caused by a decrease in SPH kinase activity (Fig.  5H) . SPH kinases catalyze the production of S1P/LCBP, which is the starting material of the sphingolipid to glycerophospholipid conversion. Blocking the generation of S1P/LCBP can thus lead to decreased sphingolipid degradation. The purpose of this regulation may be to prevent further reduction in sphingolipids caused by the decrease in VLCFAs for maintenance of the balance between biosynthesis and degradation of sphingolipids. The molecular mechanisms underlying the decreased SPH kinase activity in TER-knockdown HeLa cells is currently unclear. We hypothesize that the change in sphingolipid composition in the plasma membrane caused by lowered VLCFA production regulates SPH kinase activity. For example, because sphingolipids, especially very long-chain sphingolipids, modulate cellular signaling by forming lipid microdomains (51) , it is possible that the change in the sphingolipid microdomain may affect SPH kinase activity.
In contrast to mammalian cells, neither lowered Tsc13 levels nor tsc13⌬ affected DHS to glycerophospholipid metabolism in yeast ( Figs. 3C and 4C ). Because SPH is not a natural LCB in yeast, Tsc13 is normally involved only in VLCFA production. The lack of regulation between VLCFA production and LCBP metabolism in yeast is therefore reasonable.
Deletion of the yeast TSC13 gene is lethal (34) , indicating that VLCFA has essential functions. Yeast sphingolipids normally contain C26:0 VLCFAs (35), and the impairment of VLCFA production leads to a large decrease in the levels of complex sphingolipids (Fig. 3, B and C) . However, introduction of the mammalian ceramide synthase CERS5, which allows the production of long-chain ceramide, suppressed the lethality of the tsc13⌬ cells, concomitant with production of complex sphingolipids (Fig. 4, B and C) . These results indicate that the lethality of VLCFA-deficient cells can be attributed solely to a decrease in the functions of sphingolipids.
In summary, we revealed that TER is involved both in FA elongation and the S1P metabolic pathway. Our results also suggest that these two pathways are not independent, but rather mutually interdependent. Further studies are needed to determine the regulatory mechanism linking these two pathways.
